removal was shown to require metabolic energy and direct contact between the glycoprotein and the bacterial cell surface (McKenna et al., 1988) .
two-component systems for Iron transport from host proteIns transferrIn-Iron acquIsItIon
The mechanism of transferrin-iron acquisition by N. gonorrhoeae has been the subject of a great deal of study. The precise details of lactoferrin and hemoglobin utilization, while expected to be similar, are less well-developed. The initial steps in characterization of the gonococcal transferrin-iron acquisition system involved the identification of two membrane proteins that bound to human transferrin (Cornelissen et al., 1992) . Expression of both proteins was decreased under iron-replete conditions, consistent with a role in iron internalization. The first transferrin binding protein (Tbp) to be identified and characterized in N. gonorrhoeae was TbpA (Cornelissen et al., 1992 ; Figures 1 and 2) . The gene that encodes this protein was sequenced and found to be similar to those encoding a family of iron transport proteins in Gram-negative bacteria known as TonB-dependent transporters. These proteins share sequence similarity primarily at their N-and C-termini, consistent with their shared localization and function as large outer membrane transporters (Noinaj et al., 2011) . Expression of gonococcal recombinant TbpA in Escherichia coli resulted in surface presentation of the transporter and rendered E. coli capable of binding transferrin in a species-specific manner; only human transferrin was recognized (Cornelissen et al., 1993) . The second Tbp (Figure 1) , is encoded by the gene directly upstream of tbpA (Anderson et al., 1994) . TbpB contains a typical "lipobox," which is necessary for N-terminal lipid modification and outer membrane localization. The genes encoding the Tbps are preceded by a typical iron-regulatory sequence (see below) and are transcribed as an iron-repressed bicistronic operon (Ronpirin et al., 2001 ). However, an intergenic region between tbpB and tbpA is capable of encoding an mRNA species with strong secondary structure potential. The observation that tbpB transcripts outnumber tbpA transcripts by 2:1 at steady state, suggests that this intervening sequence is important for maintenance of the optimum stoichiometry of the system (Ronpirin et al., 2001) .
All gonococcal isolates characterized and sequenced to date possess both tbp genes. However, transposon insertion mutants of N. gonorrhoeae were generated to test the function of these proteins in transferrin iron acquisition. Mutants lacking both proteins were incapable of growth on transferrin as a sole iron source, although growth on other iron sources was unimpaired (Anderson et al., 1994) . Mutants lacking the ability to express TbpA were incapable of growth on transferrin and were unable to internalize any iron from transferrin (Cornelissen et al., 1992) . By contrast, tbpB mutants were still capable of growth on transferrin, but were only able to internalize approximately 50% of wild-type levels of iron from transferrin (Anderson et al., 1994) . These observations led us to suggest that TbpA, the TonB-dependent transporter, was the necessary portal for iron through the outer membrane whereas TbpB, the surface-tethered lipoprotein, was important for increased efficiency of the iron acquisition system (Figure 1) .
TonB-dependent transporters share a common topology. Twelve different TonB-dependent transporters have been crystallized to date (Noinaj et al., 2011) and all share two characteristic domains: a beta-barrel comprised of 22 amphipathic beta-strands, and a globular plug domain that is folded up inside the barrel. After the first TonB-dependent transporter was crystallized (Buchanan et al., 1999) , we developed a 2D model of TbpA, employing a combination of bioinformatics approaches and sequence diversity (Figure 2) . Twenty-two putative amphipathic beta-strands were predicted by their similarity with the known transmembrane domains of FepA (Buchanan et al., 1999) . The sequence diversity detected among five different gonococcal TbpA sequences was localized to regions within 11 putatively surface-exposed loops (L1-L11 in Figure 2 ). Likewise, three pairs of cysteine residues were localized to three extracellular loop regions (L2, L4, and L5 in Figure 2 ).
To begin testing the TbpA topology model, we deleted three predicted loop regions (L4, L5, and L8; Boulton et al., 2000) . Mutants expressing TbpA deleted of predicted loops 4 or 5 were rendered unable to bind transferrin or use transferrin as a sole iron source. Mutants unable to express loop 8 of TbpA bound transferrin with a lower affinity but were nonetheless incapable of transferrin iron utilization. These results suggested that loops 4 and 5 were critically important ligand binding regions and were therefore crucial for transferrin-iron internalization. The phenotype of the loop 8 deletion mutant suggested that high affinity interactions between TbpA and transferrin were necessary for iron internalization and perhaps for iron removal from transferrin. We subsequently cloned regions encoding several predicted, surface-exposed loops of gonococcal TbpA (Masri and Cornelissen, 2002) . Each predicted loop region was expressed as a fusion with a heterologous cellulose binding protein. The recombinant proteins were tested for their ability to bind human transferrin and amazingly two loop regions retained this ligand binding capability. Recombinant proteins comprised of predicted loop 5 or loops 4 and 5 together specifically bound TonB, ExbB, and ExbD (gold) are depicted as attached to or imbedded within the cytoplasmic membrane (CM). The periplasmic binding protein, FbpA, is responsible for transporting iron from the outer membrane transporters, TbpA and LbpA, to the cytoplasmic membrane permease, comprised of FbpB. FbpC is the ATPase that energizes transport through FbpB.
We also employed an epitope insertion strategy to test the 2D model of TbpA topology (Figure 2) . We generated fusion proteins, expressed in single copy by N. gonorrhoeae, in which the HA epitope was fused at various points within the TbpA protein (Yost-Daljev and Cornelissen, 2004) . We inserted the HA epitope within seven putatively exposed surface loops, within two putative beta-strands, within two predicted periplasmic turns, and within the plug region. We determined that the HA epitopes localized in putative loops 2, 3, 5, 7, and 10 were surface exposed, confirming the extracellular localization of these regions (Figure 2) . None of the HA epitopes in periplasmic turns or beta-strands were surface accessible, consistent with the model. The HA epitope tag was accessible to the surface when expressed in the plug domain, consistent with other data suggesting surface exposure of the plug domain. Contrary to the model predictions, HA epitopes in predicted loops 9 and 11 were not surface accessible by this analysis. Overall, these data largely supported the 2D model and confirmed the extracellular location of six of the predicted loop regions. Interestingly, only two epitope insertions (L3 and β9; Figure 2 and not shown) resulted in a defective TbpA transporter; none of the other insertions resulted The model includes an amino-terminal plug domain of 161 residues, 11 surface-exposed loops (numbered L1-L11), and 22 transmembrane betastrands. Residues highlighted in red are those that are divergent among a panel of five gonococcal TbpA sequences. Cysteine residues are highlighted in yellow. The EYE residues that were mutated within the plug domain are highlighted in green. The position of HA epitopes inserted into putative loops and the plug domain are shown as gray-shaded triangles. The TonB-box region within the plug domain is also indicated.
human transferrin, even out of context of the intact outer membrane protein. These data supported our earlier findings that loops 4 and 5 contained critical binding determinants.
We developed polyclonal antibodies against the over-expressed loop regions, and found that loops 2 and 5 (Figure 2) were indeed surface exposed on intact gonococci (Masri, 2003) . We also determined that antibodies generated against the plug region of TbpA were also capable of specific binding to the cell surface of gonococci. However, none of these antibodies blocked transferrin binding in liquid phase binding assays. We propose that the binding affinity of human transferrin to TbpA (K d ∼10 nM) is greater than that of these epitope-specific antibodies and therefore we detected no inhibition. Competition between the natural ligand (human transferrin) and epitope-specific antibodies also may have led to our inability to detect bactericidal activity by these antibodies in the presence of human complement. Loop 5-specific antibodies were bactericidal when baby rabbit complement was employed, suggesting that the non-human species of transferrin present in the rabbit serum allowed for antibody binding and subsequent complement fixation and bactericidal activity (Masri, 2003) .
Both lobes of gonococcal TbpB retain transferrin binding domains (DeRocco and Cornelissen, 2007) and thus both are expected to participate in the process of iron acquisition from transferrin.
The gonococcal Tbp proteins are expected to form a complex, particularly in the presence of transferrin. We have detected TbpB in pull-down assays with TbpA and TbpA-specific antisera (Kenney, 2002) , suggesting that even in the absence of transferrin the two proteins associate with each other. Surface exposure characteristics and binding kinetics differ depending upon whether the Tbp proteins are expressed independently or together, again suggesting complex formation at the cell surface (Cornelissen and Sparling, 1996; Cornelissen et al., 1997b) . The transferrin binding affinities of both proteins for human transferrin are in the nanomolar range; however, TbpB specifically associates with the ferrated form of transferrin whereas TbpA interacts with both ferrated and apo forms of the glycoprotein (Cornelissen and Sparling, 1996) . This observation led us to test the association and dissociation rates for the individual proteins. We found that both association and dissociation was facilitated by the presence of TbpB, suggesting that the ability of TbpB to discriminate between ferrated and apo-transferrin enhances both association and dissociation kinetics (DeRocco et al., 2008) . Employing an in vitro technique and gonococcal membrane fragments, we determined that both TbpA and TbpB have the ability to remove iron from human transferrin (Siburt et al., 2009) . In this in vitro system, the ferric binding protein, FbpA, was freely available in solution and served as the ferric iron acceptor molecule. Cumulatively, our studies suggest that while both TbpA and TbpB have the capacity to strip ferric iron from transferrin at the cell surface, in an intact cell, only TbpA has the capacity to transport iron across the outer membrane and into the periplasm.
While the precise mechanism of iron removal from transferrin and subsequent transport into the periplasm is not completely understood, our current model (Figure 3 ) involves both TbpA in defects in transferrin binding or transferrin-iron utilization. The exception was the plug HA epitope insertion, which resulted in decreased binding affinity and abolished transferrin iron utilization. Another interesting class of mutants was exemplified by the L2, L9, and L11 HA insertion mutants. These mutants remained capable of transferrin binding and use of transferrin as a sole iron source, as long as TbpB was co-expressed. If tbpB was also mutated, the double mutants were rendered completely incapable of transferrin-iron internalization. The phenotypes of these mutants suggest that L2, L9, and L11 represent regions of TbpA that are important for iron removal from transferrin, without which TbpA is unable to function in the absence of TbpB.
TbpB shares similarity with other surface-exposed lipoproteins, but until recently none had been crystallized. From sequence analysis, it was clear that the gonococcal TbpB was comprised of two domains that shared limited sequence similarity, reminiscent of the ligand to which it binds, transferrin. We demonstrated that the amino-terminal half of gonococcal TbpB retained the ability to bind human transferrin following SDS-PAGE and transfer to solid support (Cornelissen et al., 1997a) . Truncation of this binding domain from either end abolished binding. We further demonstrated that the amino-terminal half of TbpB contained most of the sequence diversity when five gonococcal sequences were compared. There were, however, six regions of sequence conservation that are probably important for export to the cell surface or for transferrin binding.
We employed the same approach to mapping gonococcal TbpB membrane topology as was described above for TbpA. We expressed TbpB-HA fusion proteins in the gonococcus, each of which contained an HA epitope at a distinct position (DeRocco and Cornelissen, 2007) . All of the HA epitopes were accessible on the gonococcal cell surface, consistent with complete surface exposure of TbpB beyond the lipid modified, mature amino-terminal cysteine residue. There were only four epitope insertions that decreased transferrin binding by TbpB. Three insertion points were within the amino-terminal lobe that is responsible for efficient transferrin binding following SDS-PAGE and electroblotting to solid support. The fourth insertion point was within the C-terminal half of the protein, disruption of which resulted in decreased transferrin binding to the whole cell surface. When mutations in the aminoand carboxy-terminal halves were combined in the same strain, the resulting mutant TbpB was completely devoid of transferrin binding capabilities. These results suggest that the amino-and carboxy-terminal lobes of TbpB share both sequence and functional redundancy. Elimination of binding to one lobe only decreased transferrin interaction with the cell surface, while elimination of both domains abrogated all binding. Recently, the crystal structure for the smaller but related TbpB from Actinobacillus pleuropneumoniae was described (Moraes et al., 2009) . The gonococcal protein is expected to assume a similar conformation, which is reminiscent of other lipid-modified neisserial proteins, including the factor H binding protein (Schneider et al., 2009 ). The A. pleuropneumoniae TbpB has two lobes, each of which has two distinct domains: a small beta-barrel and a curved, β-strand rich region denoted as a "handle" (Moraes et al., 2009 ). The amino-and carboxy-terminal domains of gonococcal TbpB are expected to resemble those of A. pleuropneumoniae TbpB and are depicted in Figure 1 as trapezoid shapes. TbpA is shown as a bisected barrel with an amino-terminal plug domain exposed in the periplasm. TbpB is shown as a bi-lobed protein protruding from the gonococcal cell surface, tethered to the outer membrane by an amino-terminal lipid moiety. Human transferrin is shown as a bi-lobed structure, each lobe of which is capable of binding an atom of iron. Seven putative steps in iron acquisition from transferrin are listed on the right. The arrows depict the direction of iron import and the hypothetical, transient interaction between iron and the plug domain.
are absent from TbpB (Biswas et al., 1999) . As is the case for the Tbps, the Lbps are encoded by contiguous genes with the lbpB gene located upstream of the lbpA gene. In contrast to the tbp operon, the lbpB and lbpA genes actually overlap slightly and are not separated by a region of potential secondary structure. About half of gonococcal isolates have lost the capacity to express the Lbps due to the presence of a large deletion that removes the entire lbpB gene and the 5′ terminus of the lbpA gene . In addition, the lbpB gene, if present, is subject to phase variation due to a poly C-tract within the coding region. While LbpA is required for utilization of human lactoferrin as a sole iron source, LbpB is not (Biswas et al., 1999) . Variants in which LbpB is not expressed due to phase variation, retain the ability to express LbpA, and the ability to grow on lactoferrin. LbpB does not apparently bind lactoferrin independent of LbpA (Biswas et al., 1999) , in contrast to the situation with the Tbps, which both retain the ability to bind specifically to human transferrin. Detailed structure-function analyses have not been conducted to date with the gonococcal Lbps. Thus the mechanism of lactoferrin binding, iron extraction, TonB energization and iron transport into the periplasm is unclear. The FbpABC system is known to receive and transport lactoferrin-bound iron (Chen et al., 1993) through the periplasm and across the cytoplasmic membrane as shown in Figure 1 .
hemoglobIn-Iron acquIsItIon
Neisseria gonorrhoeae is capable of utilizing both free heme and heme bound to hemoglobin to fulfill its iron requirement. No specific receptor has been defined for free heme; however, hemoglobin is employed by virtue of expression of a third two-component iron acquisition system (Chen et al., 1996 (Chen et al., , 1998 . As shown in Figure 1 , the topology of the hemoglobin-iron acquisition system, comprised of HpuA and HpuB, is expected to resemble those employed for transferrin-and lactoferrin-iron utilization. HpuB is encoded downstream of HpuA; the hpuB gene encodes the TonB-dependent transporter whereas the hpuA gene encodes the lipidated component of the system. The HpuB protein at ∼90 kDa (Chen et al., 1996) is somewhat smaller than either TbpA or LbpA (∼100 kDa), but is similar in size to most other TonB-dependent transporters (Table 1) . Similarly, the lipoprotein component, HpuA, is approximately half the size of either TbpB or LbpB (Chen et al., 1998) . Given the recent insights into the structure of TbpB (Moraes et al., 2009 ), one could speculate that HpuA is composed of a single lobe with only one beta-barrel and a single "handle" domain (as shown in Figure 1 ). Interestingly, and in contrast to the transferrin-and lactoferrin-iron acquisition systems, hemoglobin binding requires the expression of both HpuA and HpuB, consistent with the hypothesis that the two proteins form a heteromultimer in order to constitute the obligate hemoglobin binding pocket (Chen et al., 1998) . Also consistent with the single binding pocket hypothesis is the observation that hemoglobin-iron utilization is dependent upon expression of both HpuA and HpuB, unlike the TbpAB system which only requires expression of TbpA. Also in stark contrast to the transferrin and lactoferrin binding proteins, HpuA and B do not exclusively interact with human hemoglobin as these gonococcal proteins recognize the hemoglobins from non-human sources as well. Point mutations in HpuB allow and TbpB playing roles in iron removal from transferrin at the cell surface (Siburt et al., 2009 ). After iron is extracted, we propose that the ferric ion interacts with the plug domain of TbpA. The HA epitope insertion in the plug domain resulted in a mutant that bound transferrin with lower affinity but was incapable of iron internalization (Yost-Daljev and Cornelissen, 2004) . This observation prompted us to create a series of site-specific mutations in conserved, charged residues of the plug domain near the point of insertion of the HA epitope (Noto and Cornelissen, 2008) . A triple mutant in which a conserved EYE motif was replaced by three alanine residues was generated. This mutant strain was incapable of transferrin-iron utilization unless TbpB was co-expressed. This phenotype is consistent with a role for this region in iron extraction and/or iron binding by the plug domain. The model of transport of iron through TonB-dependent transporters, developed by study of the vitamin B 12 transporter of E. coli (Gumbart et al., 2007) suggests that plug unfolding upon interaction with TonB (see below) results in presentation of substrate at the periplasmic face of the beta-barrel. We hypothesize (Figure 3 ) that a similar mechanism would result in transport of iron, bound by the plug, through the barrel and allow the presentation of iron at the periplasmic face of TbpA.
perIplasmIc bIndIng proteIn-dependent, abc transport of ferrIc Iron from transferrIn
After ferric iron has been transported through the TbpA betabarrel, the ferric binding protein, FbpA, sequesters the ion in the periplasm (Chen et al., 1993) . FbpA has been called a "bacterial transferrin" because binding by this 37 kDa protein to iron resembles that of a single lobe of transferrin in terms of coordinating residues and the need for a synergistic anion (Nowalk et al., 1994; Taboy et al., 2001; Dhungana et al., 2003) . Using a modified H/D exchange approach, we demonstrated that apo-FbpA binds directly and specifically to TbpA (Siburt et al., 2009 ). This interaction would allow for an efficient hand-off from the TbpA plug domain to the associated apo-FbpA. After FbpA becomes ferrated, its affinity for TbpA is decreased, facilitating liberation of the holo-FbpA and passage of the sequestered iron through the periplasmic space. Holo-FbpA then associates with the cytoplasmic permease protein, FbpB, which accomplishes transport from the periplasm into the cytoplasm employing the FbpC protein and ATP hydrolysis for energization. One publication reported that iron transport into the gonococcus was accomplished in the absence of a functional FbpC protein (Sebastian and Genco, 1999) . This observation suggests that other ATP binding proteins, of which there are many predicted in the gonococcal genomes, might be able to replace FbpC in this energization step.
lactoferrIn-Iron acquIsItIon
As shown in Figure 1 , the lactoferrin-iron acquisition system, comprised of LbpA and LbpB, resembles the transferrin iron acquisition system. LbpA is a TonB-dependent transporter (Biswas and Sparling, 1995) ; LbpB is a lipoprotein (Biswas et al., 1999) . Gonococcal LbpA from strain FA19 is 46% identical and 65% similar to gonococcal TbpA from the same strain (Biswas and Sparling, 1995) . LbpB is 31% identical to TbpB; however LbpB contains two unique stretches of anionic residues, which sIngle component systems for Iron transport feta The fetA gene was formerly called frpB (Beucher and Sparling, 1995) and encodes a TonB-dependent transporter of approximately 80 kDa. The ferric enterobactin transporter (FetA) protein was renamed when Carson et al. (1999) demonstrated that binding and acquisition of ferric-enterobactin was enhanced when FetA was expressed. Enterobactin is a catecholate-type siderophore that is produced by a variety of bacteria, including E. coli (O'Brien and Gibson, 1970) , Salmonella species (Pollack and Neilands, 1970) , and Klebsiella species (Perry et al., 1979) . The gonococcal fetA gene lies immediately upstream of a cluster of genes that putatively encode components of a PBP-dependent, ABC transport system. Carson et al. (1999) demonstrated that fetB mutants were defective in enterobactin utilization. The gene products encoded downstream of FetA are shown in Figure 4 and are labeled as FetB, the PBP, and FetCDEF, putative members of the ABC transport system. There is one ORF (NG2089) within the cluster that has no homologs but is conserved among the Neisseria species; therefore, this protein's role in iron uptake is not obvious. This ORF corresponds to the FetE protein shown in Figure 4 . While FetA was known to transport ferric-enterobactin (Carson et al., 1999) , we recently demonstrated (Hollander et al., in revision) that this transporter is also critical for import of other catecholate siderophores including dimers and trimers of dihydroxybenzoylserine (DHBS) and salmochelin S2 (the linearized form of salmochelin). Salmochelin is a diglucosylated form of enterobactin that is made by some pathogens, hemoglobin utilization in the absence of the lipoprotein partner protein, HpuA (Chen et al., 2002) . The ∆hpuA, hpuB point mutants grew slightly better than the ∆hpuA, hpuB+ parent in the presence of limiting amounts of heme. The point mutations mapped to the beta-barrel portion of the TonB-dependent transporter, suggesting that transmembrane passage of the heme was enhanced in the mutants. Finally, in the absence of HpuA, growth by the hemoglobin+ point mutants was abrogated in the presence of albumin, which binds and makes inaccessible heme outside the cell. The authors therefore concluded that an important function for HpuA is to retain heme in close proximity to the cell to make transport through the TonB-dependent transporter more efficient (Chen et al., 2002) . Beyond these studies, detailed structure-function analyses have not been conducted on the gonococcal HpuAB proteins. Subsequent to transport through HpuB, heme is presumably bound by a periplasmic binding protein (PBP) for transit to the cytoplasmic membrane. Likewise, a heme-specific cytoplasmic membrane permease is expected to be necessary for entry into the cytoplasm. However, no such PBP-dependent, ABC transport system has yet been described.
A second TonB-dependent hemoglobin-iron transporter is expressed by the closely related N. meningitidis (Stojiljkovic et al., 1996) . HmbR is similar to HpuB, but in contrast to the systems described above, meningococcal HmbR is not encoded proximate to a companion lipoprotein. Moreover, none of the gonococcal strains sequenced to date have the capacity to express HmbR as the loci that would encode this protein are pseudogenes. Upstream of the tdfF gene is a gene that putatively encodes a PBP related to iron transport. This gene is annotated in the FA1090 genome database as fetB2 due to its similarity to the protein encoded within the fet gene cluster. TdfF expression is iron regulated, but is only detected when gonococci are grown in cell culture medium plus serum (Hagen and Cornelissen, 2006) . This is consistent with the inability of Turner et al. (2001) to detect TdfF expression in gonococcal growth medium, even under iron stressed conditions. Likewise, in microarray analyses of the iron-dependent gonococcal transcriptome, tdfF expression has never been reported (Ducey et al., 2005; Jackson et al., 2010) . We hypothesize that the putative AraC-like transcriptional regulator, MpeR, encoded in close proximity to tdfF may activate expression of TdfF in the presence of the appropriate inducing stimulus. The molecular identity of this stimulating molecule(s) is currently under investigation. The entire locus between tdfF and mpeR is unique to the pathogenic Neisseria species as it is completely absent from commensal Neisseriae (Snyder and Saunders, 2006; Marri et al., 2010) . This observation suggests that iron acquisition via the TdfF-dependent pathway and optimized MpeR-dependent gene regulation are important virulence factors, distinguishing the pathogens from the commensals.
other uncharacterIzed tonb-dependent transporters
TdfG is an extraordinarily large TonB-dependent transporter at ∼136 kDa and is encoded by all gonococcal genomes; however, protein expression was only detected by Turner et al. in 17% of gonococcal strains (Turner et al., 2001) . TdfG is most similar to heme transporters and was shown by Turner et al. (2001) to be iron repressed. A knock-out mutant of strain FA1090 that was unable to express TdfG retained the ability to utilize heme as a sole iron source. All gonococcal genomes sequenced to date have an intact tdfG gene; however the sequences fall into two distinct clades, showing only 48-49% sequence similarity to each other (data not shown). The biological significance of these different tdfG gene families among different gonococcal strains is unclear but may have contributed to the inability to detect protein expression in the majority of gonococci using an antibody probe despite the presence of full-length genes. TdfH is also a large TonB-dependent transporter (∼104 kDa) with similarity to heme transport systems. TdfH mutants similarly retained the ability to grow on free heme as a sole iron source (Turner et al., 2001) . Moreover, expression of recombinant TdfH in a hemA mutant of E. coli was not sufficient to allow heme utilization, even when the neisserial TonB, ExbB and ExbD proteins were co-expressed. Cumulatively, these data suggest that neither TdfG nor TdfH is a TonB-dependent transporter for free heme (Turner et al., 2001) ; however, the genes were not simultaneously inactivated in the gonococcus. If the functions of TdfG and TdfH are redundant with respect to iron acquisition, their phenotypes may only be obvious in a mutant lacking both transporters. TdfJ is an 86 kDa TonB-dependent transporter that shares similarity with siderophore and heme transporters. The tdfJ gene is present in all Neisseriae, including pathogens and commensals. Microarray studies (Ducey et al., 2005; Jackson et al., 2010) and our unpublished, confirmatory RT-PCR experiments demonstrate that tdfJ expression is iron induced. A recent publication indicates that the meningococcal TdfJ homolog (NMB0964) facilitates zinc including uropathogenic E. coli (Hantke et al., 2003) . Thus, the FetA transporter appears to have broad specificity for catecholate-type xenosiderophores. FetA expression is iron repressed and also subject to phase variation. A poly C-tract within the promoter region preceding the fetA gene results in modulated expression levels from very high to very low (Carson et al., 2000) .
tdff
When the first gonococcal genome sequence was being completed, Turner et al. (2001) identified three uncharacterized TonBdependent transporters by their similarity to other proteins in this family. These putative transporters were named TonB-dependent function (Tdf) F, G, and H (Figure 4) . As shown in Table 1 , these transport proteins were similar to siderophore and heme transporters from other Gram-negative bacteria. With subsequent sequence analysis, we identified a fourth putative transporter, which we named TdfJ (Table 1 ; Hagen and Cornelissen, 2006) .
To discern whether any of the TonB-dependent transporters were important for gonococcal survival within human epithelial cells, we modified an assay developed by Larson et al. (2002) to evaluate intracellular survival of N. meningitidis. We first tested whether a tonB mutant of gonococcal strain FA1090 was inhibited for growth within human cervical epithelial cells. We found that the tonB mutant was indeed impaired for survival and that the addition of iron rescued the mutant (Hagen and Cornelissen, 2006) , suggesting that the defect was related to an iron acquisition defect in the tonB mutant. We then tested both characterized TonB-dependent transporters (TbpA and FetA) and the uncharacterized TonBdependent transporters (TdfF, G, H, and J) for their participation in this survival phenotype. The only mutant that was defective for intracellular survival in these assays was the tdfF mutant (Hagen and Cornelissen, 2006) . Like the tonB mutant, addition of excess iron overcame the survival defect, suggesting that the TdfF transporter participated in intracellular iron acquisition and that excess iron could bypass the need for high affinity transport through TdfF. the ferric ion is presented to apo-FbpA, which we demonstrated interacts with TbpA. Apo-transferrin release would re-set the system to baseline but would not occur if all of the previous steps had not been accomplished, as in the TonB-box mutant.
tonb-Independent use of Iron and xenosIderophores
While use of ferric siderophores in other Gram-negative bacteria is accomplished via TonB and TonB-dependent transporters, several iron sources are employed by N. gonorrhoeae in a Ton-independent manner. Ferric citrate, free heme (Biswas et al., 1997) , and some xenosiderophores (Strange et al., 2011) are acquired by the gonococcus in pathways that do not depend upon expression of TonB or any of the individual TonB-dependent transporters. The mechanisms by which ferric citrate and heme are internalized have not been explored, but we recently demonstrated that gonococcal strain FA19 utilizes the xenosiderophores ferric enterobactin, DHBS, and salmochelin S2 in a pathway that is TonB-independent (Strange et al., 2011) . Use of the xenosiderophores by strain FA19 is limited to an inefficient, Ton-independent system, which requires expression of the FbpABC proteins ( Figure 5) . When the Fbp proteins were not expressed, xenosiderophore utilization was completely prevented. Since mutants lacking the outer membrane protein complexes Mtr or PilQ remained competent for Ton-independent iron acquisition (Strange et al., 2011) , we suggest that the xenosiderophores permeate the outer membrane passively, perhaps through porins (Figure 5 ). This is in contrast to utilization of enterobactin, DHBS, and S2 by gonococcal strain FA1090, which occurs in a TonB-and FetAdependent pathway (Figures 4 and 5 ; Carson et al., 1999 ; Hollander acquisition and thus the authors renamed the meningococcal protein ZnuD (Stork et al., 2011) . ZnuD is regulated by the putative zinc-dependent regulator, Zur, but expression of ZnuD in the meningococcus was not subject to iron regulation. Similar studies have not been reported for gonococcal TdfJ, so the function of this protein and its contribution to growth of the gonococcus is not currently known. However, the mechanisms that regulate expression of these TonB-dependent transporters in the two pathogenic Neisseriae appear to be distinct.
TonB and iron transport across the gonococcal outer membrane
While the mechanism by which TonB harnesses energy and transduces it to energize the outer membrane iron transporters has not been completely defined in any system, it is well established that TonB, in complex with ExbB and ExbD is charged by the proton motive force generated at the cytoplasmic membrane (Postle and Larsen, 2007) . TonB, in its energized state, physically interacts with TonB-dependent transporters. One conserved domain within the plug domain of the transporters has been called the "TonB-box" (Cadieux et al., 2000) . Defined domains of TonB have been demonstrated to interact directly with the TonB-box (Pawelek et al., 2006) and in so doing, facilitate substrate transport across the outer membrane. We generated a TonB-box (Figure 2 ) mutant of gonococcal TbpA and showed that while transferrin binding was unaffected, transferrin-iron acquisition was completely prevented (Cornelissen et al., 1997b) . The TonB-box mutant presented TbpB at the cell surface in a distinct conformation, resulting in a new protease sensitivity pattern. This observation allowed us to conclude that the energization state of TbpA resulted in a conformational change in TbpB, consistent with a physical interaction between the two outer membrane proteins. Additionally, the TonB-box mutant was incapable of transferrin release from TbpA, suggesting that the energy-dependent step in transferrin-iron transport is necessary for ligand release to occur. TonB directly interacted with TbpA, but the association was inhibited when the TonB box of TbpA was mutated (Kenney and Cornelissen, 2002) . The ability of TonB to copurify with TbpA did not depend upon the presence of the natural ligand, transferrin (Kenney and Cornelissen, 2002) , prompting us to conclude that the natural signal triggering TonB interaction with TbpA was in fact iron binding by the plug domain.
Most current models of TonB function are based upon the known crystal structures of TonB-dependent transporters and TonB. These models suggest that the most efficient means to accomplish vectorial ligand transport through the beta-barrel is by TonB first binding to the TonB-box and then initiating a pulling force on the plug domain (Shultis et al., 2006) . This would result in a localized denaturation or unfolding of the plug, allowing movement of substrate through the barrel and presentation at the periplasmic face of the transporter. With regard to gonococcal transferrin-iron acquisition, we propose (Figure 3 ) that both TbpA and TbpB participate in iron removal at the cell surface. The plug domain of TbpA may be at least partially surface accessible and therefore may also participate in iron removal from transferrin. We postulate that the plug domain interacts with the extracted ferric iron and that the EYE motif in some way participates in this process. We further propose that TonB then interacts with the TonB-box of TbpA, a pulling force is exerted resulting in plug unraveling, at which point Figure 5 | Model comparing TonB-dependent and TonB-independent iron acquisition systems. Left: Ferric-catecholate siderophores are imported through the outer membrane in a TonB-and FetA-dependent mechanism. Use of these ferric-siderophores is expected to require proteins encoded by genes located downstream of fetA. Right: In gonococcal strain FA19, use of ferric-catecholate siderophores is limited to a TonB-independent mechanism that involves the participation of the FbpABC system. Gonococcal strain FA1090 appears to be able to employ both TonB-dependent and TonBindependent mechanisms for the use of ferric siderophores, including enterobactin, DHBS, and salmochelin.
of the ferric uptake regulator (Fur) protein. Iron-regulated expression of the transferrin and lactoferrin binding proteins is known to be Fur dependent (Thomas and Sparling, 1996) . As is the case in other Gram-negative bacteria (Escolar et al., 1999) when Fur is complexed with ferrous iron, the protein dimerizes and binds to a DNA sequence called a "Fur box," which generally overlaps with the promoter region preceding iron-repressed genes (Sebastian et al., 2002; Jackson et al., 2010) . However, there are examples of Fur binding sites within structural genes or overlapping transcriptional start sites. In any event, binding of Fur results in the inaccessibility of the promoter to the RNA polymerase or the inability of the RNA polymerase to move processively down the template strand to transcribe the entire gene. When iron is limiting, the apo-Fur protein no longer functions as a repressor, thus gene expression is enabled. This simple mechanism results in expression of iron acquisition systems only under conditions of iron depletion.
actIvatIon
There are no characterized activators of gonococcal iron transport systems. However, we recently discovered that an iron-repressed, AraC-like regulator activates expression of fetA (Hollander et al., in revision). MpeR was previously shown to regulate the expression of mtrF, which in turn controls the activity of the MtrCDE efflux pump (Folster and Shafer, 2005) . We subsequently observed that MpeR is encoded upstream of TdfF and an iron-related PBP annotated as FetB2 (see above). When mpeR was inactivated, we were surprised to discover that another TonB-dependent transporter, FetA, was no longer expressed. We determined that MpeR binds to the region upstream of the fetA gene, consistent with a direct mechanism of activation. These observations cumulatively link expression of antimicrobial efflux systems with iron transport systems through the iron-regulated expression of a key regulator, MpeR. As noted above, the mpeR -tdfF locus is unique to the pathogenic Neisseria species, which suggests that optimum expression of efflux systems and iron transport systems represents an important virulence mechanism.
translatIonal ImplIcatIons human and anImal InfectIon experIments
The transferrin-iron acquisition system was the first to be tested for its influence on the outcome of experimental human infections. Gonococcal strain FA1090 was chosen for human infection experiments because the Opa protein profile has been well characterized in this background (Connell et al., 1990; Jerse et al., 1994) . FA1090 is also naturally unable to utilize lactoferrin as a sole iron source due to the inability to express either of the lactoferrin binding proteins. We created a mutant derivative of gonococcal strain FA1090 that no longer expressed either of the Tbps, effectively generating a double mutant lacking the ability to employ either transferrin or lactoferrin as sole iron sources. This mutant was completely unable to initiate urethritis in a human male infection model, whereas infection with the wild-type FA1090 resulted in urethritis within 3-4 days of inoculation (Cornelissen et al., 1998) . These results indicated that expression of the Tbps was critical for the first steps in initiating infection on a human male urethra. While suggestive, these findings do not definitively implicate the use of transferrin as a key for initiating infection since the Tbps could conceivably serve multiple functions in vivo, as has been documented with other gonococcal et al., in revision). We propose that all gonococcal strains have the capacity to internalize iron from xenosiderophores by both FetAdependent and FetA-independent pathways. In FA1090, xenosiderophore-dependent growth by the tonB and fetA mutants was diminished relative to wild-type, but not eliminated, suggesting that both TonB-dependent and TonB-independent pathways are functional. FA19 however is limited to the TonB-independent pathway. Why might FA19 be incapable of Fet-mediated internalization of enterobactin and its derivatives? One reason could be because FetA expression varies between strains and isolates due to the poly C-tract in the promoter region (Carson et al., 2000) . Another possible explanation could be related to the observation that the genome sequence of gonococcal strain FA19 contains a frame-shift mutation within ng2090 (encoding FetD in Figure 5 ). We have confirmed by direct sequencing of a PCR product amplified from FA19 chromosomal DNA that this lesion represents a genuine mutation and is not a sequencing error (data not shown). This mutation would result in a truncated FetD protein and may prevent expression of downstream genes as well. We hypothesize that one or both of these genetic differences between strains FA1090 and FA19 result in a defective Fet system and a reliance on the TonB-independent uptake pathway for uptake of iron from xenosiderophores in strain FA19.
We have also detected strain-specific, Ton-independent growth phenotypes with respect to intracellular survival. While we demonstrated that intracellular survival of strain FA1090 was TonB-and TdfF-dependent (Hagen and Cornelissen, 2006) , we found that this was not the case in two other gonococcal strains. Intracellular survival of strains FA19 and MS11 did not depend upon expression of either TonB or TdfF (Zola et al., 2010) . This suggested that something unique to these strains allowed a bypass of the need for high affinity iron acquisition through the TonB system and TonBdependent transporters. Both FA19 and MS11 differ from FA1090 by possessing the gonococcal genetic island (GGI), which encodes a type IV secretion system (Hamilton et al., 2005) . In collaboration with Joe Dillard's group, we created double mutants lacking both the Ton system (a polar mutation in tonB) and the GGI. This double mutant was incapable of intracellular survival whereas the single mutants lacking either the Ton system or the GGI remained competent to survive within cervical epithelial cells (Zola et al., 2010) . We mapped the key region of the GGI to the structural genes that encode critical components of the type IV secretion apparatus. None of the accessory proteins or known secreted proteins were involved in the TonB bypass mechanism. We proposed three possible explanations for these observations. First, the type IV secretion apparatus may secrete a reductase allowing the gonococcus to acquire ferrous iron in a TonB-independent pathway. Second, the type IV secretion apparatus may simply form an indiscriminate pore through the cell envelope, allowing ferric iron entry. And finally, the type IV secretion system may facilitate the entry of the gonococcus into an intracellular niche that does not require high affinity iron acquisition via the Ton system.
controlled expressIon of Iron acquIsItIon systems repressIon
All of the characterized iron acquisition systems are subject to irondependent repression. The most common mechanism employed for iron-dependent repression is mediated through the function A gonococcal vaccine has been sought for many years, but due to high frequency phase and antigenic variation and immune evasion and subversion strategies, no vaccine formulation of protein antigens or surface structures has met with any success. Because the gonococcal Tbps are ubiquitously expressed, not subject to high frequency variation and necessary to initiate infection in human males, we have focused vaccine development efforts on these proteins. When conjugated to the B subunit of cholera toxin, both TbpA and TbpB generated IgG in the serum of intranasally vaccinated mice (Price et al., 2005) . TbpB-specific antibody levels were significantly higher than those generated against TbpA. Antibodies elicited against the Tbp proteins were bactericidal in the presence of human complement. Mucosal antibodies, detected in the genital tract, were also generated against the Tbp proteins. We have also immunized mice with portions of the Tbp proteins, genetically fused to the A2 domain of cholera toxin (Price et al., 2007) . Co-expression of the fusion proteins with the B subunit of cholera toxin resulted in a complex comprised of the B pentamer and immunogenic regions of the Tbps. We chose the amino-terminal lobe of TbpB and surface-exposed loop 2 of TbpA for this analysis. Antibodies generated following intranasal vaccination with these epitope-specific antigens were detected in the serum and mucosal secretions. Serum antibodies in the presence of human complement were bactericidal against three different gonococcal strains and interestingly, vaginal secretions were growth inhibitory when human transferrin was provided as a sole iron source in vitro. These studies suggest that the Tbps can elicit antibodies with important and potentially protective biological properties. We are currently testing whether Tbp-specific antibodies are protective in a mouse model of lower female genital tract colonization.
conclusIons
TonB dependent transporters enable the efficient use of iron sources that are otherwise unavailable due to insolubility, low concentration, or chelation by iron-binding proteins. N. gonorrhoeae has the capacity to encode up to eight transporters, facilitating the use of a variety of iron compounds derived from or produced in the human host. The genes encoding the lactoferrin-iron acquisition system are intact only in a minority of gonococcal strains, suggesting that selective pressures in vivo have resulted in the loss of lactoferrin binding capability over time. The hemoglobin-iron acquisition system is off, due to phase variation, in most gonococcal strains. However, use of hemoglobin-derived iron through expression of this system seems to be selected for in vivo in women during the early phase of the menstrual cycle. The enterobactinand salmochelin-iron acquisition system is also subject to phase variation, but expression is tuned up or down by alteration of promoter strength, suggesting that the presence of xenosiderophores in the human genital tract could select for variants with enhanced capability to internalize these iron chelates. Substrates and gene expression characteristics have not been defined for the four recently recognized TonB-dependent transporters (TdfF, G, H, and J), the genes for which are found in all gonococcal strains sequenced to date. While the substrate has not yet been defined, TdfF appears to play an important role in gonococcal survival inside of human cervical epithelial cells. The transferrin-iron acquisition system is ubiquitously expressed by all gonococcal isolates and is proteins. Subsequently, Anderson et al. (2003) generated a derivative of FA1090 in which the lactoferrin binding proteins were expressed, but the genes encoding the Tbps were deleted. Unlike the tbp mutant parent, the Lbp + variant was capable of causing urethritis in human male volunteers. These results suggested that expression of the Lbp proteins, while not universal among gonococci, was sufficient to restore infectivity. The reason that so many gonococci have lost the capacity to express the lactoferrin-iron acquisition system, in spite of its obvious in vivo utility, remains unclear.
The hemoglobin-iron acquisition system, comprised of HpuA and B described above, is subject to phase variation due to a poly G tract within the HpuA coding region. Depending upon the number of G residues, the HpuA gene is either in-or out-of-frame. Anderson et al. (2001) demonstrated that variants capable of expressing HpuA were selected for in vivo, but only under specific conditions. By screening gonococcal strains isolated directly from infected men and women, these investigators determined that women in the early phase of their menstrual cycle disproportionately harbored gonococcal isolates that expressed HpuA and grew on hemoglobin. These results suggest that the ability to grow on hemoglobin is selected for by the intermittent presence of this protein in the human genital tract.
Jerse and colleagues (Jerse, 1999) have developed a mouse model of lower female genital tract colonization to facilitate studies of gonococcal pathogenesis and vaccine development. While the gonococcus is clearly species restricted to humans for normal genital tract infection, the mouse model mimics lower genital tract infection in humans in many ways. We tested gonococcal mutants of strain FA1090 individually lacking the ability to employ transferrin, lactoferrin, hemoglobin or ferric enterobactin for their ability to colonize the genital tract of female mice (Jerse et al., 2002) . All mutants were competent for colonization, including a gonococcal tonB mutant (data not shown). These results imply that other sources of iron are available in the female genital tract, and that gonococcal access to this nutrient in the mouse does not depend upon expression of TonB-dependent systems or transporters. Perhaps due to the lower pH of the female genital tract and the co-localization of lactobacilli, iron may be more accessible, and thereby may not require high affinity acquisition systems for entry.
vaccIne development
As described above, many of the characterized TonB-dependent transport systems are subject to high frequency phase variation or are not universally expressed by gonococci. The exception to this observation is the transferrin-iron acquisition system, which is ubiquitously expressed by gonococci. The Tbps are obviously expressed in humans during infection; if this were not the case, the tbp mutant would have been without a phenotype in the human infection model. We detected low but measurable antibody titers in the serum and vaginal wash specimens from naturally infected women and men (Price et al., 2004) . These antibody levels were well below those associated with a protective response, as was detected against tetanus toxoid. While the Tbps are clearly expressed in vivo (Agarwal et al., 2005) , the mere presence of these proteins within the context of a natural infection is insufficient to initiate a high-titer, protective immune response (Price et al., 2004) , consistent with the lack of immunity following natural infections. of the barrel, whereupon FbpA sequesters the iron for transport across the periplasm. Because expression of the transferrin-iron acquisition system is conserved among strains and necessary to initiate human male infection, the proteins that comprise this system are considered viable vaccine candidates. Initial studies suggest that vaccination with these proteins elicits biologically functional antibodies engendering hope that a gonococcal vaccine containing these proteins (and perhaps others too) could be efficacious and protective against the common STI caused by N. gonorrhoeae.
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the best characterized of all the gonococcal TonB-dependent transport systems. Cumulatively, studies of this iron transport system lead to the following model of vectorial transport of iron from human transferrin to the periplasm (Figure 3) . The gonococcal TonB-dependent transporter, TbpA, is sufficient for iron acquisition from transferrin but is aided in this process by the lipoprotein, TbpB. Both proteins bind human transferrin specifically but TbpB further differentiates between the ferrated and apo forms of the protein, allowing for selection of the proper iron-loaded ligand and efficient release of the used transferrin subsequent to iron extraction. Both TbpA and TbpB participate in iron extraction at the cell surface, which results in free iron being captured by the TbpA plug domain. This interaction presumably effects the exposure of the TonB-box domain of TbpA, signaling to TonB that ligand, in this case free iron, is bound and ready for transport. TonB, in its energized form, tugs on the plug domain, causing a localized rearrangement and presentation of the iron atom at the inner orifice
